Primordial germ cells (PGCs) are the embryonic precursors of the gametes of the adult. PGCs derive from cells of the most proximal part of the cup-shaped epiblast corresponding to the presumptive region of the extraembryonic mesoderm. At 7.2 days post coitum (dpc) a small group of PGCs located at the base of the allantois can be recognised due to a strong alkaline phosphatase activity. Thus far, scant information was available on the mechanism(s) controlling the lineage of PGCs in the mouse embryo. However, results obtained in mice defective for bone morphogenetic protein-4 (Bmp4) secreted molecule revealed that this growth factor has important functions for the derivation of PGCs from extraembryonic mesoderm cells. In this paper, we have studied the effects in culture of Bmp4 on epiblast cells obtained from eggcylinder stage mouse embryos (5.5-6.0 dpc) and PGCs from 11.5 dpc embryos. We found that Bmp4 treatment enables recruitment of pluripotent cells to a PGC phenotype by a multi-step process involving an initial pre-commitment of epiblast cells and a following stage of PGC phenotypic determination. We further provide evidences that Bmp4 may promote the growth of gonadal PGCs through a Smad1/4 signalling. q
Introduction
In the mouse embryo, primordial germ cells (PGCs) are segregated in an extraembryonic location at the base of the allantoic bud at 7.2 days post coitum (dpc). PGCs derive from cells of the proximal part of the epiblast, corresponding to the rim of the cup-shaped embryo. This region is located in close proximity to the boundary with the extraembryonic ectoderm and corresponds to the presumptive extraembryonic mesoderm (Lawson and Hage, 1994) . Coincident with extraembryonic allocation, PGCs express a marker allowing their identification. This is tissue nonspecific alkaline phosphatase (TNAP), an isoform of the APs distinct from the embryonic isoform (EAP) that is expressed in the inner cell mass of the blastocyst and the epiblast (Hahnel et al., 1990) . The expression of TNAP has been classically used to mark PGCs within the extraembryonic mesoderm tissue at 7.2 dpc (Ginsburg et al., 1990) .
Prior to gastrulation, cells of the proximal epiblast are not lineage-restricted to become PGCs. Tam and Zhou (1996) have shown that transplanting cells of the proximal region of the epiblast to the distal part does not induce the formation of ectopic PGCs. However, cells of the distal region have the ability to be allocated as germ cells if transplanted in the proximal region. This suggests that cell-cell contacts between cells of the proximal epiblast and factors secreted by the extraembryonic ectoderm and the allantois play a role for the induction of PGCs.
A growth factor that may play a direct role for the formation of the germline in mammals is the bone-morphogenetic-protein-4 (Bmp4). This factor is required for the mesoderm induction in a number of vertebrate species (for references, see Hogan, 1996) . The absence of Bmp4 causes the embryos to die because of the failure of the formation of mesoderm derivatives at days 8-9 of gestation (Winnier et al., 1995) . However, Bmp4 is dispensable for the formation of the allantois where PGC precursors are segregated.
In an analysis of the Bmp4 2/2 mice embryos, it was found that PGCs are not formed in the absence of Bmp4 (Lawson et al., 1999) . Moreover, the finding that embryos heterozygous for the Bmp4 mutation have a reduction of about 50% of the number of the PGCs, additionally suggests that this growth factor is dose-dependently involved in the induction of PGC precursors (Lawson et al., 1999) . In addition to Bmp4, genetic studies have recently shown that Bmp8b produced by the extraembryonic ectoderm (Ying et al., 2000) and Bmp2 produced by the visceral endoderm ) likely cooperate with Bmp4 in affecting the formation of PGCs. Interestingly, Bmp8b deficiency causes a PGC-less phenotype analogous to the phenotype of the embryos lacking Bmp4. The absence of a reciprocal complementation of the function(s) of Bmp4 and Bmp8b indicates that Bmp4 and Bmp8b act as homo and hetero-dimers in vivo. In contrast, Bmp8b and Bmp2 do not functionally cooperate in inducing PGCs . Recently, the function of Bmp4 and Bmp8b in the derivation of PGCs from cells of the pre-streak embryos was further analysed by culturing whole epiblast at day 6.0 dpc onto cells expressing Bmp4, Bmp8b or combinations of Bmp4 and Bmp8b . Strikingly, although culture onto feeder cells expressing Bmp8b rescued the failure of PGC formation from Bmp8b 2/2 day 6.0 embryos, culture of Bmp4 2/2 epiblasts onto Bmp4 expressing feeder cells did not. This suggests that Bmp4 is necessary for the pre-set of groups of epiblast cells to PGC at earlier stages compared to the window of action of Bmp8b.
At the egg-cylinder stage, Bmp4 is expressed in the extraembryonic ectoderm close to the boundary with the proximal epiblast to be restricted to the cells of the allantois at early gastrulation stages (Lawson et al., 1999) . This suggests that proximal epiblast cells may be programmed to a PGC fate before the phenotypical evidence of the PGC lineage. However, it has also been speculated that Bmp4 may act in concert with other local factors expressed in the allantois (discussed in McLaren, 1999) .
A culture method was recently provided, which enables the derivation of PGCs from totipotent epiblast cells (Yoshimizu et al., 2001) . Interestingly, derivation of PGCs from embryos between 5.5 and 6.0 dpc occurred only when fragments of the epiblasts were co-cultured with pieces of the extraembryonic ectoderm, while culture of epiblast tissue alone from day 6.0 onwards did not require additional tissues. This suggests that factors produced by the extraembryonic ectoderm cells are crucial at 5.5-6.0 dpc for the pre-set of a number of epiblast cells to be committed as PGCs (Yoshimizu et al., 2001 ). On the other hand, lack of requirement of extraembryonic tissues for deriving PGCs from epiblast at later stages suggests that after an initial recruitment, the progenitor cells of the PGCs may develop independently of exogenous stimuli.
In the present paper, we have studied the effects of Bmp4 on pluripotent cells of the epiblast tissue at the egg-cylinder stage at days 5.5-6.0 and on gonadal PGCs in culture. We have found that Bmp4 is sufficient for inducing a PGC phenotype in a subset of epiblast cells and that it may additionally contribute to PGC proliferation likely through a Smad1/4 signalling cascade.
Taken together, these results support the hypothesis that PGC lineage in the mouse embryo may be driven by Bmp4 by a multi-step mechanism involving phenotypical determination of pluripotent cells followed by expansion of the PGC population. In addition, they provide the first evidence that PGCs can be derived in vitro from epiblasts using a single specific growth factor, namely Bmp4.
Results
2.1. Bmp4 recruits totipotent cells of the epiblast to a PGClike phenotype Yoshimizu et al. (2001) have shown that the ability to be committed as PGCs in culture is only found in cells of the proximal epiblast at 6.0-6.5 dpc. This is likely due to exposure of cells of the proximal epiblast to factors expressed by the extraembryonic ectoderm at that embryonic age. By contrast, cells of the epiblast at earlier stages were not found to autonomously develop as PGCs in culture suggesting that stimulation by factors capable of recruiting epiblast cells to a PGC phenotype is time-restricted at day 6.0 dpc and later. To study whether Bmp4 mimics the function of factor(s) produced by extraembryonic ectoderm and is able to induce the emergence of PGCs from cultured epiblast cells we designed the following protocol. Sheets of epiblast tissue containing embryonic ectoderm and visceral endoderm were carefully dissected from pre-streak CD-1 mice embryos at 5.5-6.0 days of age. These fragments were placed onto tissue culture microwells coated with fibronectin (Fn, 20 mg/ml) or collagen type IV (Coll IV, 20 mg/well) in Dulbecco modified Eagle medium (DMEM) containing 15% fetal calf serum (FCS) (see methods) with or without 100 ng/ml Bmp4. Fn or Coll IV was used to allow the attachment and an optimal spreading of epiblast fragments. On average, a number of four epiblast fragments were cultured in single wells of 96-well plates. No differences of epiblast cell growth on the two coated surfaces were observed. Under such conditions, during the first 2 days of culture, both embryonic ectoderm and visceral endoderm cells proliferated and spread over the site of the fragment attachment with the ectoderm forming an epithelial-like sheet of cells covering visceral endoderm cells (Fig. 1A,  B) . In the presence of Bmp4, using histochemistry, we observed a strong induction of AP expression both in cells of the ectoderm and the endoderm compared to the controls where the enzyme was expressed at much lower levels (Fig. 1, compare A and B) . A particular AP intense staining was observed in ectoderm cells located at the boundary between the ectoderm and the underlying visceral endoderm (Fig.  1B) suggesting that the induction of AP in the ectoderm cells may be due to the combined action of Bmp4 and factors produced by the endoderm.
To examine whether Bmp4 was able to influence the expression of genes that are expressed coincidentally with the lineage of germ cells, we performed reverse transcrip-tase polymerase chain reaction (RT-PCR) analysis for TNAP and Oct-4 gene expression on freshly collected epiblast cells and on epiblast fragments cultured for 2 days. It is known that PGCs express the TNAP, while epiblast cells, similar to cells of the inner cell mass of the blastocyst express the embryonic isoform (EAP, Hahnel et al., 1990) . In addition, PGCs are the unique type of embryonic cells maintaining the expression of Oct-4 transcription factor after gastrulation (reviewed in Pesce et al., 1998a) . Fig. 2A shows that TNAP expression was induced in the epiblast fragments cultured for 2 days in the presence of Bmp4 while epiblast cells at the beginning and after 2 days of culture in the absence of Bmp4 did not express TNAP. In RT-PCR, TNAP mRNA was amplified using, primers specific for this isoform compared to EAP (Hahnel et al., 1990) . In contrast, the expression of Oct-4 was not significantly changed in function of the culture times in either cells cultured with or without Bmp4 (not shown). Altogether, these results suggest that Bmp4 triggers the expression of the PGC-specific isoform of the AP but is dispensable for the maintenance of Oct-4 expression. Likewise, we also found that the expression of the c-kit gene encoding for the receptor for stem cell factor (SCF), which is expressed in PGCs and other embryonic stem cells (OrrUrtreger et al., 1990 ) was up-regulated in cultured cells but not affected by Bmp4 (Fig. 2A) .
In order to further characterise the phenotype of the cell populations grown in the presence of Bmp4, we then performed immunohistochemistry on freshly isolated epiblast cells and cells of the cultured fragments using the antibody TG-1 that specifically recognises an oligosaccharide SSEA-1-like epitope expressed in migratory PGCs and other stem cell population including epiblast cells (Donovan et al., 1986) . Cell counts showed that the percentage of TG-1 1 cells decreased from 61.3^4.9% (average^standard error) of the epiblast cells at the beginning of the culture to 12.5^2.6% after 2 days in the absence of Bmp4 (Fig. 2B ). However, in the presence of Bmp4, the number of the TG-1 1 cells was significantly higher (23^5.6%, Student's ttest P , 0:05, Fig. 2B ). This latter result supports the hypothesis that besides inducing the expression of new phenotypic markers (i.e. TNAP, see above), Bmp4 is necessary for maintaining the expression of some stem cells markers in a sub-population of epiblast cells. We additionally investigated the expression of the mouse Vasa-homologue protein (mvh), exclusively expressed in PGCs after colonisation of the gonadal ridges, in the AP 1 cells of the epiblast cultured with Bmp4 using a specific antibody (Toyooka et al., 2000) . Analogous to the findings by , we did not find positive cells either prior to or after the culture, indicating that AP 1 cells are likely premigratory PGCs (not shown).
The culture of epiblast fragments does not allow to reveal the presence of distinct populations of PGCs. Therefore, we sub-cultured monodispersed cell suspensions obtained from disaggregation of the cultured epiblast fragments onto STO fibroblast monolayers in the presence or absence of Bmp4. Under such culture conditions, after 2 days from sub-culturing, a significant number of single or clustered AP 1 cells, morphologically indistinguishable from PGCs growing onto cell feeder layers (De Felici, 1998) , were identified (Fig. 3A , B). The emergence of such PGC-like cells was markedly higher in sub-cultures coming from the epiblast fragments pre-cultured in the presence of Bmp4 (7.97^1.7 vs. 0.275^0.12 cells per embryo equivalent, averageŝ tandard error, five independent experiments, Fig. 3C ). Interestingly, similar numbers of PGC-like cells were scored when Bmp4 was omitted in the culture medium during sub-culturing (not shown), suggesting that the presence of Bmp4 is crucial only for an initial commitment of epiblast cells as PGC-like cells.
In a further series of experiments, cells sub-cultured in the presence of 100 ng/ml Bmp4 were stimulated with 20 mM forskolin (FRSK), a compound that increases the level of the intracellular cyclic adenosine 3 0 :5 0 monophosphate (cAMP) and is known to function as a potent mitogen for PGCs (De Felici et al., 1993; Pesce et al., 1996) . Under such culture conditions, the number of PGC-like cells increased markedly from 7.97^1.7 (see above) to 31.3^2.7 per embryo equivalent (Fig. 3C) . Finally, when forskolin alone was added to the culture medium after replating epiblast cells that were grown in the absence of Bmp4 in the first culture step, no increase in the number of AP 1 cells was scored (not shown).
We additionally characterised PGC-like cells by an immunohistochemical analysis using TG-1 antibody and an antibody raised against the c-kit tyrosine kinase receptor (ACK-2, Nishikawa et al., 1991) . The results showed that while the number of the TG-1 1 cells present after 2 days from sub-culturing was nearly similar to the number of AP 1 cells, about twice as much was that of the c-kit 1 cells (not shown). Moreover, the majority (about 60%) of TG-1 1 and a subset of c-kit 1 cells (20%) showed an elongated morphology like most of AP 1 cells (Fig. 4C, D) .
Bmp4 promotes PGC growth in culture
The size of the founder population of PGCs in Bmp4
embryos is reduced to about half of that in weight. This raises the possibility that Bmp4, besides playing roles in the phenotypic determination of germ cells (Lawson et al., 1999) , might have a direct effect on the PGC growth. To study whether Bmp4 functions as a growth factor for PGCs, we cultured PGCs purified by MINI-MACS (Pesce and De Felici, 1995) onto STO feeder cells in the presence of Bmp4.
The results showed that the number of gonadal 11.5 dpc PGCs increased significantly after 1 day of culture (t-test, P , 0:05) following addition of 100 ng/ml Bmp4 to the culture medium (Fig. 5A ). To ascertain whether the increase in PGC number in the presence of Bmp4 resulted from the stimulation of proliferation or an enhanced survival, we performed bromodeoxyuridine (BrdU) incorporation assays in 11.5 dpc PGCs plated onto STO feeder cells (De Felici et al., 1993; Pesce et al., 1996) . The percentage of BrdU 1 PGCs was significantly higher in the presence of Bmp4 compared to controls (t-test P , 0:05), suggesting that Bmp4 acts as a mitogen for 11.5 dpc PGCs in culture (Fig.  5B ).
PGCs express Alk-3, BMPR-II and Smad 1/4 receptors
Members of the transforming growth factorb (TGFb)-activin-Bmp4 family of growth factors act via two distinct classes of membrane receptors, the activin-like kinases (Alks), the Bmp receptors I and II (BMP-RI/II) and intracellular transducer proteins named Smads (for a review see Attisano and Wrana, 2000) .
In order to characterise the intracellular signalling activated by Bmp4 in PGCs we performed RT-PCR experiments using RNA extracted from MINI-MACS purified 11.5 dpc PGCs and primers specific for Alk-3 and the BMPR-II. The results showed that PGCs express both receptors although at low levels in comparison to the 11.5 gonadal ridges (Fig. 6A) . We next investigated the expression of the Smad proteins 1, 2, 4 and 8 in 11.5 gonadal ridges and purified PGCs. The results of an immunoprecipitation experiment showed that Smad1 and -4 are highly expressed in the gonadal ridges (Fig. 6B ) whereas Smad2 and -8 are not. In order to identify the cell types expressing Smad1 and -4, immunohistochemistry on isolated gonadal single cell populations was performed. The results showed that Smad4 is expressed in PGCs at higher levels compared to somatic cells (Fig. 6C) , while Smad1 is expressed at similar high levels both in PGCs and somatic cells (not shown).
Discussion
Opposite to species in which determination of germ cells occurs by segregation of germline 'determinants' in specific blastomeres during early cleavage, cells of the epiblast in mammalian embryos are not fated to a germ cell phenotype until the onset of gastrulation. Experiments performed by injecting living dyes in cells of the mouse epiblasts revealed that precursors of PGCs reside within an area of the epiblast which is juxtaposed to the rim of the cup-shaped epiblast, close to the extraembryonic ectoderm (reviewed in Lawson and Hage, 1994) . Cells from donor egg-cylinder stage epiblasts of LacZ transgenic mice have been transplanted in heterologous positions in recipient embryos of the same age. These experiments have shown that the cells of the entire epiblast compartment have the ability to give rise to PGCs if experimentally placed within the proximal part of the epiblast (Tam and Zhou, 1996) . This evidence suggests that factors produced by the extraembryonic ectoderm may set a sub-population of proximal epiblast cells as PGCs prior to the histochemical appearance of these cells in the extraembryonic mesoderm.
The absence of primordial germ cells in embryos homozygous for the mutation of Bmp4 (Lawson et al., 1999) has provided the first evidence of a growth factor promoting the formation of PGCs in the mouse embryo. However, lack of suitable culture conditions has, to date, impaired to verify the role played by single growth factors in the cellular events causing formation of PGCs. Only recently, Yoshimizu et al. (2001) and have provided the first examples of culture systems enabling the derivation of PGCs from fragments of the epiblast dissected from mouse pre-streak embryos.
Derivation in culture of PGCs is driven by Bmp4 and a 'community effect' of the epiblast cells
In preliminary experiments we attempted to derive PGCs in the presence of Bmp4 by seeding isolated cells obtained by dissociation of the epiblast tissue from 5.5 to 6.0 dpc embryos onto STO feeder cells (not shown). In agreement with the results presented by Yoshimizu et al. (2001) , we did not observe the emergence of PGC-like cells in such culture conditions. By contrast, PGC-like cells were observed when fragments of the epiblast were cultured for 2 days in the presence of Bmp4 followed by 2 days sub-culturing disaggregated cells from such fragments onto STO cells (Figs.  3,4) .
In line with the findings of Yoshimizu et al. (2001) and , when Bmp4 was omitted during the initial culture of the fragments, very few PGC-like cells were derived (Fig. 3) , suggesting that cells of the epiblast were not already committed to the PGC phenotype at the Fig. 5 . Bmp4 acts as a mitogen for 11.5 dpc PGCs cultured onto STO cell feeder layer. PGCs purified by MINI-MACS from 11.5 dpc gonads were cultured for 1 day onto STO fibroblasts (400-500 PGCs/well) in the presence of 100 ng/ml Bmp4 or 20 mM FRSK. The data points represent the average obtained from at least three independent experiments. Results obtained with FRSK, a potent mitogen for PGCs (De Felici et al., 1993) onset of culture. Moreover, in agreement with the observations by Lawson et al. (1999) , PGC-like cells were obtained if Bmp4 was omitted in the second step of the culture, suggesting that Bmp4 stimulation is necessary and sufficient for the commitment of multi-potent epiblast cells toward a PGC phenotype, but dispensable for their following expansion. This feature has an important analogy to the derivation of hematopoietic stem cells from cultured epiblast fragments or embryonic stem (ES) cells. Kanatsu and Nishikawa (1996) have proven that the derivation of cobblestone areas comprising the most undifferentiated hematopoietic stem cells can be obtained by culturing epiblast fragments in the presence of Bmp4 onto stromal cell feeder layers or Fn but not by culturing isolated epiblast cells. Similarly, Johansson and Wiles (1995) were able to derive hematopoietic cells by culturing ES cells in embryoid bodies using Bmp4. Altogether, these findings strongly suggest that determination of PGCs or hematopoietic stem cells within the epiblast prior to gastrulation depends on a combined action of exogenous stimuli (i.e. Bmp4) and a community effect driven by cell-cell contacts.
Stimulation of multi-potent cells with Bmp4: pre-set or induction of the PGC phenotype?
The analysis of the LacZ expression in the Bmp4 1/2 embryos has revealed the expression pattern of Bmp4 during early post-implantation development. At the 5.5-6.0 dpc egg-cylinder stages, Bmp4 is expressed in a ring of cells that are juxtaposed to the boundary between the embryonic and the extraembryonic ectoderm (Lawson et al., 1999) . Therefore, cells of the proximal part of the epiblast including the precursors of PGCs may be stimulated by Bmp4 starting 1 or 2 days prior to their allocation in the allantois. The experiments performed by Yoshimizu et al. (2001) have shown that the presence of the extraembryonic ectoderm is required for the derivation of PGCs from fragments of the epiblast at 5.5-6.0 dpc. By contrast, germ cells can be derived by culturing epiblast fragments from day 6.0 onwards in the absence of extraembryonic tissues. This raises the possibility that commitment of the germline may begin prior to PGCs is first histologically identifiable within the extraembryonic mesoderm at 7.2 dpc (Ginsburg et al., 1990) . However, since at later stages Bmp4 expression is confined to the extraembryonic tissues close to the posterior and in the allantois, it has been inferred that it might also act at these stages in concert with other local factors in promoting phenotypic determination and/or the growth of the PGC founder population (discussed in McLaren, 1999) .
The results obtained in the first part of our study support the hypothesis that commitment of epiblast cells to PGC phenotype may involve a two-step process involving an initial commitment of the epiblast cells under the control of locally produced Bmp4 at earlier stages than day 6.0, followed by a phase of Bmp4-independent phenotypic determination of these cells as PGCs. This hypothesis is in agreement with the finding that Bmp4 stimulation of day 6.0 Bmp4 2/2 epiblast does not rescue the lack of PGC induction in culture .
Our finding that Bmp4 causes the up-regulation of the PGC-specific AP isoform TNAP in cultured epiblast cells suggests that this might be one of the first events leading to commitment of these cells to a PGC phenotype. Moreover, during this first phase Bmp4 is likely crucial for maintaining the expression of certain stem cell markers, such as the antigen recognised by the antibody TG-1, in a sub-population of epiblast cells that are likely designed to become PGCs. Surprisingly, however, epiblast cells in culture continue to express the transcription factor Oct-4 independently of the presence of Bmp4. Similarly, the up-regulation of c-kit in cultured epiblast cells appears Bmp4-independent. This might indicate a tendency of epiblast cells to spontaneously differentiate toward multi-lineage stem cells expressing the c-kit receptor. In line with this, culture of whole mouse epiblasts onto Fn-coated dishes in the presence or the absence of Bmp4 allowed the derivation of cobblestone area forming cells (hematopoietic progenitors) expressing the receptor c-kit (Kanatsu and Nishikawa, 1996) .
Although our data do not provide a formal proof that the AP 1 cells are PGCs, this is supported by a number of evidences. First, the elongated morphology of most of the AP 1 cells identified on the STO cell monolayer is identical to that of cultured gonadal PGCs (De Felici, 1998) . Second, AP 1 cells expressed two other PGC markers such as the epitope recognised by the TG-1 antibody (Donovan et al., 1986) and the c-kit receptor (Pesce et al., 1997) . Third, the number of the AP 1 cells was significantly increased by the addition to the culture medium of forskolin, a mitogen for PGCs in culture (De Felici et al., 1993) . Interestingly, under forskolin stimulation, the number of the PGC-like cells was increasd to 31^2.7 per embryo equivalent, closely resembling the estimated number of cells constituting the PGC founder population at 7.2 dpc in vivo (Tam and Snow, 1981; Lawson and Hage, 1994) . Lastly, Yoshimizu et al. (2001) , using a culture system similar to that employed in the present work, reported that most of the AP 1 cells emerging from culture fragments of epiblasts obtained from transgenic mice bearing the green fluorescent protein (GFP) under the control of an Oct-4 germline specific enhancer (GOF-18DPE, Yeom et al., 1996) were GFP 1 indicating that they were bona fide PGCs.
Bmp4 stimulation of the PGC growth
The PGC founder population is abolished or strongly reduced in Bmp2 2/2 , Bmp4 2/2 and Bmp8b 2/2 mutant embryos (Lawson et al., 1999; McLaren, 1999; Ying et al., 2000; ). However, since the growth rate of the remaining PGCs in the Bmp2
1/2 and Bmp8b 1/2 embryos is not affected, it has been hypothesised that Bmps do not have a mitogenic effect on PGCs at days 8.0-9.0 post coitum in vivo (Lawson et al., 1999) . Surprisingly, however, our study showed that Bmp4 promoted the growth of 11.5 dpc PGCs cultured onto STO feeder cells (Fig. 5A) . BrdU incorporation assays indicated that this effect was associated to a significant increase of the number of 11.5 dpc PGCs in S phase (Fig. 5B) , suggesting that, at least at this stage, BMP4 is able to promote PGC proliferation. Proliferative, differentiative and self-renewal effects of Bmp4 on stem cells have been reported in a number of studies. As an example, Bmp4 and Bmp2 appear to be implicated in both cavitation of the blastocysts and differentiation of the endoderm in early post-implantation embryos (Coucouvanis and Martin, 1999) . Opposite effects on proliferation/differentiation and self-renewal depending on the dose of Bmp4 added in culture has been reported for hematopoietic stem cells (Bhatia et al., 1999) . Bmp4 is produced in the aortagonad-mesonephros (AGM) region of human embryos at developmental stages comparable with the 10.5-11.5 dpc stage in the mouse (Marshall et al., 2000) . Since Bmp4 in the AGM is supposed to act in the commitment of hematopoietic stem cells in a region ventral to the dorsal aorta, it cannot be ruled out that it may have a role also in the chemotactic guidance of PGC besides regulating their growth prior to or immediately after their ingress into the genital ridges.
The proliferative effect of Bmp4 (and likely of others Bmps, i.e. Bmp2 and Bmp8b) appears to be unique among the members of the large TGFb-activin family of growth factors. For example, stimulation with TGFb and activin dose-dependently inhibited proliferation (Richards et al., 1999) and acted as a chemoattractant for PGCs in culture (Godin and Wylie, 1991) . Since Bmp and TGFb signalling converge onto the common nuclear transducer Smad4 through dimerisation with specific receptor-activated Smads, it is possible that different members of the TGFbactivin-Bmp family contribute to the growth and migration of PGCs in vivo by a balance of positive and negative signals.
In several cell types, phoshorylation of transmembrane receptors elicited by Bmp4 causes the activation of an intracellular cascade which rely on the action of proteins named Smads (reviewed in Attisano and Wrana, 2000) . Receptorregulated Smad proteins are phosphorylated by the activated transmembrane receptors and, in turn, associate to form hetero-dimers with the co-Smad protein Smad4. Heterodimers containing Smad4 and receptor-regulated Smads translocate in the nuclei and activate the transcription of specific target genes via DNA binding sites named Smadresponsive elements. Interestingly, the phenotype of Smad4 mutant mice closely resembles that of the Bmp4 knockout mice (Yang et al., 1998) . Smad4 2/2 embryos die before gastrulation due to a reduction of the cell proliferation rate of the epiblast cells and fail to form mesoderm derivatives. In this view, it is possible that conditional mutation of Smad4 at later stages would affect the formation of PGCs similarly to the mutation of Bmp4.
Using RT-PCR we showed that PGCs express two transmembrane BMP receptors, Alk-3 and BMPR-II. By immunohistochemistry and immunoblotting, we found that PGCs express particularly high amounts of Smad4 protein (Fig.  6B, C) and that both PGCs and gonadal somatic cells express Smad1. On the contrary, we found undetectable or very low expression levels of Smad2, -5 and -8. On these bases, we surmise that Bmp4 action on PGCs is mediated by a cascade involving BMPR-II and Alk-3 as membrane receptors and Smad1/4 hetero-dimer as an effector at a nuclear level. It remains to be determined, however, whether a Smad4/Smad1 complex is formed in PGCs upon Bmp4 stimulation and which target genes are eventually turned-on by this signalling.
Smads have been recently identified to take part in a variety of signal transduction pathways in several cell types. For example, association and functional cooperation of Smad1 and STAT-3 have been shown to modulate the differentiation of neuroepithelial cells into astrocytes by leukemia inhibiting factor (LIF) and BMP-2 (Nakashima et al., 1999) . There are studies demonstrating that Smads may act also downstream of intracellular cascades different from the phosphorylation induced by the activation of specific TGFb-activin-BMP receptors such as, for example, on the MAPK pathway (Brown et al., 1999) . PGCs growth and differentiation are strictly dependent on the action of several growth factors and compounds [stem cell factor (SCF), basic fibroblast growth factor (bFGF), LIF, pituitary adenylate cyclase activating polypeptides (PACAPs)], which are supposed to control their proliferation and survival (reviewed in De Felici, 2000) . This raises the possibility that Bmp4 signalling co-operates with intracellular cascades activated by other growth factors in regulating the growth of PGCs. Further studies addressing this question are therefore necessary to unravel the complex network of inductive signals controlling the specification and expansion of the mammalian germline.
Experimental procedures

Cell culture techniques
CD-1 mice embryos were dissected at the egg-cylinder stage at days 5.5-6.0 of gestation in M2 medium. Epiblasts containing embryonic ectoderm and the surrounding visceral endoderm were isolated by cutting out the extraembryonic regions using glass needles. The epiblasts were subsequently opened into flat or smoothly rounded pieces. On average two to four fragments were derived from every single epiblast. These fragments were cultured into 96-well TC plates in DMEM supplemented with 15% FCS (Life Technologies). For improving attachment of the epiblast fragments onto the dishes, TC plates were pre-coated with Fn [20 mg/ml in phosphate-buffered saline (PBS)] or Coll IV (20 mg/well in 100 mM acetic acid). The epiblast fragments were cultured for 2 days in the presence or in the absence of 100 ng/ml recombinant human Bmp4 (R&D Systems).
After 2 days of culture, the epiblast fragments were dissociated and the resulting cell suspensions analysed for AP staining, RT-PCR, immunohistochemistry (see below) or seeded onto mitomycin-C-treated STO embryonic fibroblasts with or without 100 ng/ml Bmp4 and 20 mM forskolin (De Felici et al., 1993) . After 2 additional days, these sub-cultures were fixed with 4% paraformaldehyde and analysed by AP staining and immunohistochemistry for PGC identification.
PGCs were purified from gonadal ridges of embryos at 11.5 dpc by the MINI-MACS method (Pesce and De Felici, 1995) and cultured onto STO cell feeder layers (De Felici, 1998) in the presence of 100 ng/ml Bmp4. The number of the PGCs was scored after 1 day of culture by counting AP positive cells (De Felici, 1998) . BrdU incorporation assay was slightly modified from that described in Pesce et al. (1996) . Briefly, PGCs were seeded onto feeder layers of mitomycin-C-treated STO fibroblasts in the presence of 100 ng/ml Bmp4 or 20 mM forskolin. After 1 day, cells were incubated with BrdU for 2 h prior to fixing in 19:1 ethanol:acetic acid. Cells were then stained for AP and incubated with 10 mg/ml of a monoclonal antibody raised against BrdU for 1 h at room temperature in PBS containing 1% bovine serum albumin (BSA). BrdU incorporation was detected using antibodies purchased from Vectastain and the peroxidase revelation kit from Vector Laboratories.
RT-PCR
RNA from primary-cultured epiblast fragments, MINI-MACS purified PGCs, fetal gonads and cell lines was extracted by the Tri-Pure RNA extraction kit (Roche). RT-PCR was performed by using the RNA PCR core kit (Perkin-Elmer) according to the manufacturer's instructions. Specific primers for the amplification of TNAP, ckit and Oct-4 were obtained from previous studies (Hahnel et al., 1990; Rossi et al., 1993; Pesce et al., 1998b) .
Primers for the amplification of the BMPR-II and Alk-3 Bmp4 receptors mRNAs were deducted from the cDNA sequence of the coding regions of the two genes and corresponded to the following sequences: sense 5 0 -ACTTTAG-CACCAGAGGATACC, antisense 5 0 -TTTTCACCACGC-CATTTACCC for the amplification of the Alk-3 mRNA and sense 5 0 -TGCGGCTATAAGTGAGGTTGG, antisense 5 0 -AGCAGTTGACATTGGGTTGAC for the amplification of BMPR-II. For all primers annealing temperature ranged between 56 and 608C. Primers for Bmp receptors were deducted from the published sequences and were designed on different exons of the genes in a way that contaminant DNA in the PCR reactions would not produce a band of equal size to those produced by amplification of cDNAs.
Histochemistry, immunohistochemistry and protein methods
For histochemistry and immunohistochemistry, cells were fixed using freshly prepared 4% paraformaldehyde in PBS for 10 min at room temperature. Prior to fixation, cells from epiblast cultures were detached by trypsin and attached onto poly-l-lysine coated coverslips.
AP staining was performed as described previously (De Felici, 1998) . Immunostaining was performed by incubating the cells with solutions containing 1-10 mg/ml final concentration of primary antibody in PBS containing 1% BSA for 1 h at room temperature. The mouse monoclonal antibody TG-1 was kindly provided by Dr Peter Donovan at the Thomas Jefferson University, Pennsylvania, PA, USA. Polyclonal goat anti-Smad1, -2, -4 and -8 antibodies and the ACK-2 rat monoclonal antibody were purchased from Santa Cruz and Life Technologies, respectively. Smad immunohistochemistry required the cells to be permeabilised by 0.1% NP-40 prior to incubating with the antibodies. Secondary anti-mouse-IgM-TRITC, anti-goat-IgG-FITC and anti-rat-IgG-TRITC were used to stain the cells following incubation with TG-1, anti-Smads and ACK-2, respectively.
Immunoprecipitation of Smad1 and -4 was performed as previously described in Butteroni et al., 2000 . Briefly, homogenates from fetal gonads were incubated in ProteinA-agarose beads (Santa Cruz) that were preabsorbed with 5 mg anti-Smad1 and anti-Smad4 antibodies in PBS containing 0.05% BSA. Immunoprecipitated material resuspended in Laemmli sample buffer, was run into a 10% SDS-PAGE, blotted onto nitrocellulose membranes and analysed by ECL-Western blotting (Amersham) using the same antibodies used for immunoprecipitation at a 1 mg/ ml final concentration.
